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Abstroct 

A stMNMry of the results from * recent 
Mestinohouse-NIT syste«s study of the disk WO 
generator are presented. Both open and 
closed-cycle disk systeaN were Investigated In 
the Me.tinghouse-NIT study. Costing of the 
open-cycle disk coeponents (noztie, channel, 
diffuser, radiant bolter, iMgnet and power 
aMnagenent) was done. However, no detailed 
costing was done for the closed-cycle systeaK. 
Prellelnary plant design for the open-cycle 
systeats was also coapleted. Based on the 
systoai study results, an econoailc assessawnt of 
the open-cycle systeais Is presented In this 
paper. 

The following open-cycle plant 
efficiencies, were calculated. For a 
directly fired preheat systeai with 1920<>K 
(2996''F) preheat tenaterature nt • *5.5*, 
for a directly fired systeai with I650°K 
{2500OF) preheat teaiperature nj • 43. 4S. 
for a separately fired preheat systeai at 
1920OK (29960F) ■ 39» and for an 

oxygen- enriched system with, low teaiperature 
recuperutlve preheat nt • 40.5*. Costs of 
the open-cycle disk coaawnents are less than 
comparable linear generator coT^iients. Also, 
costs of electricity for the open-cycle disk 
systems are competitive with comparable linear 
systeais. 

Advantages of the disk design simplicity 
are considered. Improveaients In the channel 
availability or a reduction In the channel 
llfetlaw reoulrement are possible as a result 
of the disk design. 

1. Introduction 

A systems study' of bo.h open and 
closed-cycle disk WO generator power plants 
has recently been completed by a contract team 
managed by the NASA twwis Research Center 
under contract to the Department of Energy. 

The Uestinghouse Advanced Energy Systeam 
Division was responsible for the overall study 
while MIT supplied design data for both the 
open and closed-cycle disk generators. Burns 
and Roe, Inc. supplied costing and plant layout 
data and Fluldyne Engineering furnished design 
and costing data, also. Some of the channel 
design Information has already been repsrted In 
references 2-4. This paper will suMuante the 
systems study results and present an economic 
assessment of the open-cycle systems. 

Figure 1-1 Is a schematic diagram of an 
outward flow disk WO generator. Flow Is 
Introduced on the axis of the disk with both 
radial, u^, and azimuthal, ug. velocities. 
These velocities interact with the applied 
axial magnetic field, B, to Induce both radial, 
J|., and azimuthal, Jg, current densities. 


The load current is made up of the radial 
Current density, J^, while the azimuthal 
current density, Is shorted within the 
plasma. Thus the disk generator with both 
radial and swirl flow can be considered the 
cylindrical analog of the linear diagonal MHO 
generator. The original descriptive paperS 
of the disk generator points out the importance 
of the swirl velocity in obtaining Increased 
efficiency. In the power density expression 
the term ( 6 ♦ S) acts like an effective Hall 
parameter. Where S is the Hall parmneter and 
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The initial disk experiments^'^ were 
fundamental studies of plasma properties, 
nonequilibrium ionization and plasma 
Interaction with a magnetic field. Later 
experiments introduced swirl into the flow and 
steady Improvements In enthalpy extraction were 
obtained**' 'j. These experiments have 
established the potential of the dUk as an WO 
generator. 

Early theoretical assessments of the disk 
as a possible coeauercial power piant were made 
In references 14 and 15. Recently, the 
feasibility of using a radial Inflow disk 
generator has been Investigated by a Stanford 
group'®*''. The Stanford group has also 
recently begun an experiawntal program'^. 

Since the disk generator walls are 
Insulators, larger electric fields than exist 
over the electrode walls of a linear generator 
can be sustained. The possibility of large 
electric fields means large magnetic fields and 
resulting high enthalpy extraction rates. Thus 
the size of the disk will be relatively small 
( ' 10 m diameter for 1000 MW system). Magnet 
design for the disk can be either a single coll 
as shown In figure I-l or a Helmholtz pair with 
the channel between the colls. Either magnet 
design Is simpler than the magnets necessary 
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for linotr goiwrators. AUo, th« tnvortor 
sytttai for (ho dlik <i slaplcr than for a 
lltwar gonarator tinea a lliaitad nuaibar of 
alactrodat ara necattary to collact tiM load 
current. The alnlauai nuaUwr would be a two 
terminal connection Ilka that In figure 1-1. 

One advantage of the disk generator It Itt 
tlwpllclty. The channel, the laagnet, and the 
Inverter tyttem tor the ditk will all be 
tlapler and More econoMical than for a linear 
generator. Slapllclty of the ditk tytteai 
thould alto Mean greater availability and 
reduced Maintenance. One of the obje^tlvet of 
thit ttudy wet to attett the Inportance of the 
ditk tiMplIcIty. 

In the next two tectlont of thIt paper, the 
tytteMt retuitt for both the (u>en and 
cloted-cycle ditk generatort wl’l be 
pretented. It It eMphatIted that thit ttudyl 
repretentt a firtt Major attcMpt to Integrate 
the ditk generator into an electric power 
plant. It thould. therefore, be contidered a 
prellMtnary tytteMt ttudy. Detign detail of 
the MHO coMponentt for the open-cycle tystem 
wat carried only to the extent necettary to 
obtain reatonable cott ettlmatet. Only 
prellMlnary cott ettinatet of the cloted-cycle 
coMponentt were made. 

Following the performance, plant detign, 
and cott retuUt tectlont, the economic 
attettMent tectlon It pretented. In thit 
tection, cott of electricity (COf) retuUt for 
the open-cycle tyttemt are pretented. Alto, 
li^rovementt In availability and reduced 
channel lifetime requirementt retulting from 
ditk tlmplicUy will be estimated. Finally, 
the cot retulting from Improved availability 
and ditk efficiency will be calculated. 

II. Open-Cycle Studies 


Systems 

Studies have been performed for 
directly-fired, separately-fired, and 
oxygen- augmented MHO power plants Incorporating 
a disk geometry for the MND generator. A- a 
result of these studies, bate parameters for 
near-opt imum-performance MHO/steam power 
systems of various types have been defined. 

The hate parameters for the selected systems 
and a performance sumiary for each are 
presented In Tables 11-1 and II-^, 
respectively, the selected systems consisted 
of two direct ly-f Ired rases, one at 19?0A 
U’SdbdF ) preheat and the other at IbSOK 
(?bOO<V) preheat; a separately-fired case 
where the air is preheated to the same level as 
the higher temperature directly-fired case; and 
an oxygen- augmented case with the same 
generator inlet temperature of ’839k. (46b0df) 
as the high-temperature directly-fired and the 
separate ly-f I red cases. Supersonic Mach 
numbers at the generator inlet, gas inlet 
swirl, and constant Hall field operation were 
specified based on disk generator optimifation 
conducted as part of the study. System 
pressures were based on opt imi rat ion of MHO net 
power. Supercritical reheat steam plants were 
used in all cases. 
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The resulting power plant efficiencies 
shown on Table Il-Z are found to he in the 
range of similar studies on linear systems. As 
expected, a Targe difference of 6.5 percentage 
points in efficiency exists for the directly 
and separateTy-f Ireij cases at the same preheat 
level. The separately-f ired case studied used 
a pressurired coal gasifier to fire the 
preheaters and a gas turbine energy recovery 
system driven by the preheater exhaust. The 
efficiency of the oxygen- augmented system is 
found to be slightly higher (1.5 percentage 
points) than the separately-f ired case with the 
same generator inlet temperature. Thus, 
previous conclusions on the performance 
competitiveness of oxygen-enriched systems for 
linear generators also hold true for the disk 
systems. 

In the case of the directly-f Ired system 
with a preheat level of 19?0k (e996°F). it 
was found that the temperatures out of the 
radiant boiler to the preheater had to be at 
such a high level as to preclude attaining the 
desired low level of NO, in the boiler 
exhaust gas. Thus, for that case an NO, 
scrubber was specified. 

The results cT sensitivity studies o" plant 
efficiency for the directly and separately- 
fired cases are presented in Table 11-3. 
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disk Montt dtsign, tht Mjor structural 
llattatlons ancMntarad In th« dtsign of lintsr 
systtM magnets with high tesla fields are not 
ei9dcted to be present. An efficiency increase 
of 1.2 percentage points ms calculated for the 
Increase of magnetic Induction from 7T to 12T. 
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A review of this table results In some 
Interesting observations. First, It Is to be 
noted that over the range of SOO NN^ to 2000 
NUf the overall plant efficiency Is affected 
approximately U. This Is less variation than 
is found for comparable studies on linear 
generator systems. 

Good system performance data does not 
require Inlet swirl above 0.5 and performance 
Is not overly sensitive to swirl below this 
level. Thus, assuming combustors can Introduce 
swirl In the range of 0.5, extraordinary 
measures to Introduce swirl are not required to 
be built Into the generator. 

For this study, the design Hall field was 
Initially selected to be 12 kV/m. This value 
was somewhat arbitrarily assigned, recogniting 
that the disk should be theoretically capable 
of a iRtch higher value than a linear generator, 
but with a desire to remain on the conservative 
side. The study results Indicate that no 
significant performance Improvement Is Khleved 
with reasonable Increases above this value. 

The sire of the disk, however, can be decreased 
with higher values of Hall field and thus the 
tradeoff can bo between cost and risk of 
electrical breakdown without perfeneance 
penalty. 

Performance sensitivity to a i-f1eld 
Increase from 7T to 8T and I2T was evaluated. 
Based on the recommended configuration for the 
disk and magnet (see Power Train Arrangement 
Section), increased tesla design conditions 
appear to be more easily attained for the disk 
than for the linear system. In the single coll 


The diffuser recovery coefficient Is 
reasonably Influential on overall performance, 
with O.S points of efficiency galn^ by 
Increasing tN assumed recovery ',ctor from 
0.45 to O.SO. For a well*1ntegr<.ted ^nerator, 
diffuser, and radiant boiler design, the higher 
values of recovery factor can be more easily 
Khleved in disk generator systems, since 
boundary layer blockage at the diffuser entry 
Is ei^Kted to be minimal, and the hot wall 
(tasign of the disk generator and diffuser 
minimize density and velocity differences In 
the flow cross*SKt1on at any radius. 

In performing and reviewing this study. It 
MS found that differences In calculated plasma 
conductivities exist when compared to companion 
linear generator studies. SpKifIcally the 
ParMetrIc Study of Potent’, .1 Early Coneercfal 
1410 PoMr Plants (PSPEC) study performed by 
Avco'* uses higher conductivities, and tlw 
PSPEC study performed by General ElKtrlccO 
uses loMr conductivity values. High plasma 
conductivity Is Important for the open-cycle 
disk generator configuration, which optimizes 
from a performance standpoint at supersonic 
Inlet velocities. The uncertainty In 
conductivity differs from the other parameters 
studied In this program, because It Is not a 
design parameter, except Insofar as It is 
affKted by the selection of a seeding level. 
Its Importance lies primarily In assuring 
consistency between the results of various 
studies from which conclusions are to be 
drawn. Although the evaluation of the effKts 
of a gross percentage change In conductivity is 
felt to be an extreme simplification (since the 
Ktual conductivity changes are derived from 
which spKies are Included, rate constants. 
Ionization potential, calculatlonal methods, 
etc.i. two cases, one each for an 
“across-the-board" Increase and decrease In 
conductivity, were calculated and are Included 
In Table 1 1-3. As expected, the performance of 
the disk generator and thus the overall power 
system Is sensitive to conductivity variations, 
though not unduly so. Variations In plasma 
conductivity affect the division of power 
generation capability betMen the topping cycle 
and the bottoming plant, more so than they 
cause significant changes In overall plant 
power output. Tb« most significant effKt of 
conductivity Is che change In extraction length 
required to maintain equivalent performance 
from the generator. Variations In generator 
size have a great ef ect upon disk and magnet 
sizes, and therefore, costs. A direct and 
truly valid comparison of the overall 
performance and costing results obtained In 
this study with other studies can only be made 
following review and careful consideration of 
the differences In methods and assMptlons used 
In the studies. 
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Tiw (tudy cal ltd for an tstlMto of tta 
costa of tht Major coMponents In opon*cyc1t 
disk WO plants that can difftr siptificantly 
In t sign frm thtir linear counterparts. A 
suMMary of this data Is presented In Table 
11-4. A review of the cost of these 
disk-related coaiponents against their 
counterparts In the Most recent linear 
studies'**^ Indicates a potential co*it 
reduction froM 24-561 for the disk coMponMts. 
or In absolute dollars a value of $23 x 10” 
to $103 X 106 (Mid- 1978 basis) for the 1000 
MHe plants Investigated. The large range 
results froM Major differences In t)w estiMated 
cost of the generator and the Magnet for the 
coMparlson linear systees. It was <ound that 
the coMbustor systeM will be of sleillar cost to 
that for linear systeMS. The MHO generator 
consisting of the noxile, channel, wd 
diffuser, the Magnet, and the channel power 
ManageMent systeM will all have significantly 
lower costs than for a linear systcM of slMlIar 
power rating. The radiant boiler, at conceived 
for this study. Is slightly higher In cost than 
for a linear systen. Based on observations of 
the physical design differences, and bated on 
the National Magnet Laboratory assessaient of 
Magnet costs, the potential for cost savings Is 
heavily biased toward the upper end of the 
23-103 million dollar range Indicated above. 
Verification of this conclusion Is dependent on 
resolution of the large differences presently 
existing In studies of the linear system 
components. 
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Power Train Arranoemeot 


A selection study was performed to arrive 
at a candidate plant arrangement. Figure 11-1 
is a drawing of the WO portion of the disk 
generator plant selected for layout. An 
attempt has been Made to utilize the natural 
features of the disk to provide significant 
advantages In cost, operation, and 
Maintenance. A simple single solenoldal coll 
magnet Is used and is positioned below tte 
radial outflow disk at ground level. This 
allows for an easily supported augnet 
Installation with rapid access from above to 
the channel for Maintenance and replacamcnt. 
The coMbustor Is In a vertical orientation for 
gravity slagging and fires upward through the 
central hole In the xwgnet Into the center of 
the disk. Tunnel access Is provided to the 
combustor for servicing and reaioval, and for 
routing of feed lines. 



Figure ll-l. iwo Portion of the Disk fianerator Plant 

The outflow of the disk undergoes sonic 
transition and Is radially diffused at the disk 
periphery, where It Is fed to three upright 
cylindrical radiant boiler sections. The flow 
from these three radiant boiler sections Is 
collected by means of Insulated ducting and 
mar*fo1d1ng and directed to a single train of 
heat and seed recovery equIpMent with 
configurations virtually Identical to equipment 
used In linear systems. 

The overall arrangement of the channel and 
coMbustor Is especially encouraging froM 
serviceability, support, and structures 
considerations. The diffuser design, and that 
of the radiant boilers and ducting. Is 
straightforward and feasible; yet It appears 
that considerable work must be done In this 
area to coMblne the functions of these three 
eleoMnts and optimize their performance at 
Integrated portions of the heat recovery and 
gat dynamic systems. 

There are several features of the disk 
power train which, when combined, could result 
In major grating systems advantage. These 
can be in the form of power plant availability 
advantages or power plant Integration 
advantages. It Is believed that the selected 
simplified arrangement of the disk and magnet 
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could rotuU In Mjor tine advtnttges for 
reenvel end/or repair of the disk. Likewise 
the disk Itself ulth many fewer parts and 
elKtrlcal Interconnections aiay well prove to 
be considerably anre rugped than linear units. 
The quantification of such features In term of 
plant availability 'Is very difficult without 
operating experience, yet If even 
availability difference cwi be attributed to 
these features. It can overcoa* a sitable plant 
efficiency difference when viewed fron the 
stan^lnt of cost of electricity. In term of 
plant Integration, the lower heat loss froai the 
walls of the disk channel as coagiared to the 
linear aiakes the coae>1n1ng of the turbine plant 
feedwater train with the channel cooling load 
an easier task. The use of stainless steel 
cooling passages In the disk, as designed 
herein, assures CQag>at1b111ty of water 
chrailstry requlreawnts with the bottonlng 
plant. The Incoaipatlblllty of copper passages, 
as presently used In linear system, has oeen 
avoided. 

Coaponent Characteristics 

The cnabustor envisioned fires vertically 
upward with slag tapping at the bottOM, and 
Incorporates two stages of coad>ust1on. Its 
characteristics are like those for linear 
system combustors with the exception tiet swirl 
Is desired at the iniet to the disk. This 
swirl Is Introduced by tangential Inflow of the 
oxidant to both stages. Swirls up to 0.5, 
which Improve the system performance, are 
conceived as being possible from the combustor 
alone, thus eliminating the need for swirl 
vanes in the disk generator inlet. The 
conclusion that such devices may not be 
necessary Is an important one, and considerably 
enhances the engineering feasibility of the 
disk generator. 

Preliminary calculations for a radial 
Inflow design indicate large combustor heat 
losses. Therefore, a radial outflow desl.i 
appears more desirable. 

tihile most commercial-scale linear 
generators are designed for subsonic flows, the 
disk generators In these systems are designed 
for inlet Mach numbers ranging from 1.7 to 
1.9. Disk generators designed for subsonic 
operations are found to have much inferior 
performance than supersonic disk generators. 
Particular emphasis was placed on determining 
electrical constraints, and a constant radial 
electric field throughout the channel was found 
to provide the best generator performance*. 
Although single- load (two-terminal) disk 
generators can be designed on the basis of this 
constraint, the off-design performance 
characteristics of sucn single-load devices are 
found to be highly undesirable. The 
single- load generator tends to operate as a 
constant current device at the typical magnetic 
field strength. Small variations in front-end 
load current would result in rather drastic 
changes in the generator behavior. 

Fortunately, segmenting the channel using a 
sxMlI nwaber (3-S) of intermediate electrode 


rings permits satisfactory off-desl^ 
operations without making the generatw design 
unduly complicated. Control of the radial 
voltage gradient Is achieved by the Inverters 
between adjacent electrode rings. 

The selKtIon of a disk geometry brings 
about Important simplification In the 
specification of channel wall requirements. 
Basically tM walls of a disk generator have 
only to; (1) support the Hall field, and 
(2) provide power takeoff points which as 
explained above can be few In mimber. It Is to 
be noted that the Feraday current closes on 
Itself’ within the gas. and thus It 1$ not 
necessary to provide external cloture paths as 
In a linear dla^al aiachlne, nor to 
Kcommodate multiple loading as In the linear 
segmented Feraday case. This also has 
Important simplifying Implications for the 
magnet and the power management subsystem at 
discussed below. 

Figure 1 1 -2 Indicates the conceptual design 
of the nisk generator and Its radial diffuser 
as developed in this study. The disk consists 
of two pierced fiberglas walls to which are 
Joined water-cooled ceramic walls operating at 
high temperatut'e. The electrodes are 
water-cooled copper rings separated from the 
refractory walls at their Inner and outer radii 
by appropriate Insulating materials. A typical 
diameter of 5.2 meters is shown for the active 
channel for a 1000 MH^ plant. Two points of 
design importance for the disk are: (1) the 

walls are much simplified from those of the 
linear systems with their complex and intricate 
multiple electrodes, and (2) the mechanical 
design should be easily scaleable from siull 
site prototypes; a characteristic that Is not 
obvious for linear systems. 
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The choice In wgntt conf Igurattont U 
bttuMn; (1) * pair of cells to provide a 
substantially uniform axial field with radius, 
but having difficult support requirements 
(penetration of the disk for upper coll 
support), thus making It difficult to maintain 
and replace the disk; and (2) a single coll 
below the disk generator with a substantial 
radial field that Increases with radius as 
depicted In figure 1I>3. The advantages of the 
single roll approach were considered so 
overwhelming that it together with a flat disk 
geometry was adopted fur the study. 

If the disk were dome shaped like the 
bottom half of figure 11*3, then the flow would 
be perpendicular to the resultant magnetic 
field. This arr-angement will give better 
magnetic field utitliatlon. An Increase In 
disk generator enthalpy extraction Is to be 
expected If this approach Is adopted, and it Is 
recommended for future Investigations. 



The channel power management system 
consists of the equipment necessary for 
consolidation, conversion, and conditioning of 
the NHO generated power to xwke It acceptable 
for transmission. 

As previously indicated, an initial review 
of the voltage-current relationship of the disk 
generator in a two-terminal configuration 
showed significant sensitivity at design point 
to current changes, for example, variations in 
front-end load current of less than 0.33 
resulted in a !>5S change in Mach number. This 
indicates that successful operation of the 
channel would require adjustment of the 
back-end electrical loading to maintain 
compatibility with gas dynamic conditions. 

This was accomplished by segaienting the channel 
into four parts by providing intermediate 
current take-off electrode rings which 
typically decrease in radial spKing from Inlet 
to outlet. Although the feasibility of radial 
field control has been established by the 
study, future effort will be beneficial In 
defining more precisely the power takeoff 
electrode requirements, and their location, as 
well as defining potential regulator circuits 
applicable to the task. 


The multiple electrode disk generator 
requires that Inverter units of wn^irlate 
rating be connected In series across adjKent 
electrodes, ihe current levels reipilred by the 
Intermediate and outer electrodes are 
compatible with direct connection, to an 
Inverter. Electrode current density 
cons liMrat Ions will probably require multiple 
(2-4) collecting electrodes, and an 
accompanying consolidation scheme. As this 
will be located In the fringe f leld of the 
magnet coll, the voltage will be low as In the 
end connection of a linear diagonal machine. 

Ths closure of the Faraday current within 
the plasma should eliminate the need for local 
current control as In the frmae current control 
of linear diagonal generators. The 
simplification of consolidation circuitry and 
dispensing with current control greatly 
simplifies the overall power management 
subsystem and provides the disk configuration 
with a key electrical advantage that translates 
Into reduced cost and Increased reliability. 

The costs of such a disk conversion system have 
been estliMted to be approximately 43t of the 
cost of that for a linear generator MHO power 
plant, based on the simplification outlined 
above. 

Figure II-1 Indicated the general 
arrihgement of the MHO power train and Figure 
11-2 Indicated the conceptual design of the 
d.ffuser. As previously indicated, arrangement 
studies showed the highly desirable effects of 
locating the disk in a hcriiontal plane above 
the magnet. Likewise, the conceptual design of 
the disk generator indicated the desirability 
of a section of radial diffuser at the 
periphery of the disk generator through which 
struts could be built thus allowing It to serve 
as a structural member for supporting the disk 
walls. The additional desire to have an area 
of access over the disk for maintenance and 
remO'fal resulted in the selection of a concept 
using three discrete sllc-type radiant boilers 
located amund the periphery of the radial 
diffuser. This appears to f a rather 
straightforward, low risk approach. Extensive 
insulated ducting and manifolding is required 
to collect the exhaust from the three radiant 
boilers and direct It to air preheaters or to a 
common train of downstream heat and seed 
recovery equipment. 

Refractory water wall construction has been 
assumed for the diffuser and radiant boilers, 
and refractory- insulated exhaust ducting has 
been proposed. Costing estimates are 
consistent with that performed on similar 
studies for linear systems. Based on the 
costing Information developed and on the best 
Interpretations of linear MHO power plant data, 
the radiant boiler system was founo to be 
approximately 40f higher in cost in the 
separately-f ired case and 20» higher In the 
oxygen-augmented case. 

The arrangement and design of the combined 
diffuser, radiant boiler, and ducting is not a 
feasibility problem, but It does appear that 
this area could benefit from additional 
conceptual effort directed at combining 
functions to minimite cost and complexity, and 
to optimite aerodynamic and heat recovery 
performance. 
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11 1. C1o»»d«Cvi:lt Studies 

The etudy of closed-cycle disk systeets 
requir^ extensive effort In defining 
eccepteble enelytlcel representetlons for the 
disk generator and Its Integration Into systeats 
Models. As a result, the prleary effort In 
this study was concentrated on determining the 
general characteristics of the disk generator 
and on predicting the level of system 
performance with emphasis on overall plant 
efflclercy. Conceptual design and costing were 
given of ly a cursory evaluation. 

Systems Studies 

The power plant configuration which was 
Investigated consisted of regenerative 
refractory heaters fired directly with coal 
combustion products, heating an argon 
c1osed-c>*c1e fluid seeded as necessary with 
cesium. On the basis of previous stud 'S, and 
early exploration In this study, the e. >rgy 
derived from a supercritical steam bottoming 
plant was matched to the pump work required In 
the cycle, and electrical power output of the 
plant was totally derived from the disk 
generator. Figure I1I-1 Is a schematic diagram 
of the cycle Investigated. 



Thirty-three system performance cases are 
presented in the body of this report covering a 
range of disk generator variables. All 
calculations were performed with a 1920K 
(2996°F) Inlet temperature to the channel and 
a magnetic field of 6T. Optimization of the 
closed-cycle disk is complicated by the fact 
that the electron population of the plasma is 
not in thermal equilibrium with the surrounding 
gas and electron temperature becomes an 
additional variable. Thus, plasma turbulence 
level and impurity level are parameters which 
must be considered in addition to swinl, Mach 
number, and seeding level. 

The systems analysis covered a range of 
power levels, mass flow rates, inlet pressure 
levels, inlet swirls, inlet Mach nua<>ers, and 
seed ratios; with selected investigation of 
turbulence level and impurities content, A 
summary of the performance survey results is 
presented in Table III-l. These cases have 


gcAcrally been optimized on system efficiency 
within the constraints of an effective Hall 
parameter limit, an exit Mach number of 
1.0-1. 1, and the required matching of steam 
power and pumping power. Several observations 
can be made from reviewing the Information 
contained In this table. 
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1. The level of optimum system efficiency for 
all the cases Investigated lies within a 
relatively narrow band centered around 44S 
and is of a level co<m>arab1e to that 
calculated for linear closed-cycle 
investigate ns. 

2 . The system efficiency does not decrease 
with power level, making the closed-cycle 
disk potentially attractive for satall size 
plants. 

3. For the cptlmlzed cases Investigated, a 
change in the impurities from 100 to 200 
PPM did not cause a significant degradation 
in performance. The impact of Impurities 
on a given design needs further 
Investigation. 

4. High turbulence levels force a requlreawnt 
for high swirl and high Inlet Mach numbers, 
and as investigated herein, resulted In 
power plants that attained maximum 
efficiency at relatively lew power levels 
(162-246 MUe). 

5. The seeding ratio declines with decreasing 
swirl, for example, to O.OOSX at a swirl of 
1.0 and thus Implies limitations from the 
control viewpoint. However, the 
performance benefits afforded by the 
reduced plasma turbulence resulting from 
full Ionization of the seed have not been 
Investigated. Higher coefficients should 
be allowable which would Increase the 
system efficiency. Better control of the 
generator operation is Implied since the 
electron density is proportional to the gas 
pressure in the fully ionized limit. 
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Tht ciMtd-cjKle disk gtncrktor wtt found 
to bo • conpKt HI9H Intoroctlon unit. Swirl 
It RUCli Rort btnoficlal to tho porfornMnct of 
tN c1etnd*eyc1o dlik than It It to tko 
opon'cycio ditk, with tho potential for a 
ont-half to ona porconta^ point gain In plant 
tfficitncjr for a twirl Incrtatt of S ■ O.S at 
a givtn power level. The coopact arrangenent 
RiniMizet the friction lottet In the generator 
and RiniRizet boundary layer thicknett flowing 
to the diffuter. Within the conttraintt of tho 
one-dlRent1ona1 Rodeling of the cloted-cycle 
ditk uted In thit study. Its turbine efficiency 
appears to te approxloately four points higher 
than an oMlvatent closed-cycle linear Faraday 
generator^' for the taaie enthalpy extraction. 

The study has established that the 1M> 
closed-cycle disk generator Khlevet levels of 
systoR efficiency which are coRparable with or 
exceed those published In pnviout linear 
closed-cycle Investlgatlwit^'. This 
coRparlson is bated on using coRpatIble 
assuRptlons for the generator and diffuter In 
each cate, together wtth less optlRlstlc 
assuRptlont about losses throughout the 
reminder of the disk systoR than were used In 
the linear systcR studies. The study was not 
carried to the point where It was possible to 
detenalne cost or design concept relationships 
to the Rany variables. The use of a ditk 
generator does not alter the demnding 
reguireiaents on the regenerative argon heater 
defined in previous studies. Closed-cycle 
streaRS using direct coRbustion of coal for the 
reheat gas source to the heaters will also 
reguire scrubbers for SOx and NOx, since 
teed is not contained in the coRbustlon gas 
streaR to provide a Reant of sulfur reROval, 
and no systeR coRparable to the radiant boiler 
exists fot reduction of the NOx 

Disk Senerator Characteristics and Cost Trends 

Figure II I -2 is a schemtic arrangeiaent of 
the closed-cycle disk generator where the 
aerodynamic configuration is drawn to scale. 

As a result of high interaction, the generator 
is relatively short (L/0 » Z.C) and 
two-dinensional electrical and gatdynamic 
effects can be expected to be of some 
significance. For a representative 1000 HW^ 
power plant (Case 2Z of Table 1 1 1-1 has been 
selected as representative), the channel inlet 
radius is 1.8 meters, the exit radius is 2.78 
meters, and the inlet ci.annel height is O.S 
meters. 



Duo te the coRPKtnest of the goneretor end 
its high current, low voltage characteristics, 
surface provisions within current density 
limits for the cathode and anode arc best 
provided outside of the Interaction length. 

The practical aspects of this rcquIroRent are 
evident In the selected case by the fKt that 
nearly the entire wetted surface area available 
within the channel itself would have to be used 
as electrode surfKe area If current densities 
not exceeding W-SO kA/RX are to be used. To 
ease this situation, the anode In the sketch of 
Figure 1 1 1-2 is envisioned as consisting of the 
walls at the disk inlet and the cathode as a 
series of collector rings installed in the exit 
gas stream. Electrode consolidation circuits 
would therefore be reguired for cathode 
connection. 

A simplified cost evaluation of 
closed-cycle disk components was performed by 
relating them to corresponding elements In the 
open-cycle part of this study. Cave 22 In 
Table lll-l was again selected as typical for a 
1000 NWg closed-cycle disk configuration. 

The operating conditions of the closel-cycle 
disk idilch have a bearing on structural design 
of the disk Itself are not markedly different. 
Therefore, the structural design could be 
assumed similar to that of the open-cycle disk 
and cost relations as a function of radiu' 
developed; such an approach indicates the 
closed-cycle disk structure can be expected to 
have a cost in the range of 30-50S of that for 
the open-cycle case. The complications of 
introducing electrodes with the large surface 
areas prestxMbly required is expected to 
substantially affect design complexity and 
cost, which may offset this advantage to a 
large degree. 

A similar approach was used on the mgriat 
in applying cost scaling relationships derivod 
during the open-cycle work. This indicated 
that the closed-cycle magnet could be expected 
to have a substantially lower cost than for 
comparable open-cycle generator cases. 

Three major considerations enter into the 
cost of the power management system for the 
closed-cycle disk. First, since all power 
generated for transmission comes from Wtt. the 
amount of power to be converted and conditioned 
is greater than twice that for the sam size 
open-cycU plant. Secondly, without a steam 
turbine generator as part of the system, yAR 
compensation must be provided by added 
components, which may be either static or 
rotating. Thirdly, the nigh current, low 
voltage characteristic of the disk requires a 
large number of converter bridges to stay 
within accepted amperage limitations per bridge. 

Taking these items into consideration, the 
cost of the power management system for the 
closed-cycle disk is laore than twice the cost 
for an open-cycle plant of similar net 
electrical power output. 
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ClOMJ C»c1t 

Sinct no costing of tHe 

clottd-cjrcic ilT.k co«|>oncflt$ mm dont. It mt% 
not pottibit to ctIcuUtc • COE for the 
cloted'Cycle tytteot. However, of ill the dl«k 
cleted*cycle cooponenti, only the Inverter 
tytten will be t1gn1f1c<nt>y different In cott 
froM the cotretponding open-cycle disk 
coNponent. Although closed-cycle COE's were 
not celCuUted. the cost adventeget resulting 
fro* disk slnpllclty to be discussed for the 
open-cycle disk should wply to the 
closed-cycle disk. 


Cdtsk)i deuk t*** tptcific cost of the 
coel hendling, preheeter, and seed processing 
eoulpawttt, Cgii the specific cost of the 
gasifier sysfeiB, Md c«, the specific cost 
of the oay^ plant. Wte that Cgn Is used 
In equation (1) only when the seplratelyflred 
preheat systeia Is being considered. Sl«1l«>1y, 
Cg, Is used only when the Og enriched 
systeia is being considered. Other terM 
scaring in elation (1) are the gross 
power output of the steae plant, the 
gross power output of the disk geniH-ator, and 
Ogf the escalation and Interest factor given 
by the following. 

a,i • CF/n*E)T (2) 


Costs of Electricity for Open-Cycle Svsteats 

Level lied cost of electricity (COE) was 
calculated for each of the open-cycle disk 
system. Cost InforMtIon for the disk 
coeponents was obtained from reference I. No 
costing of the steaia plant and auxiliary 
coeponents was done In the Uestlnghouse study. 
Therefore, the specific cost (S/watt) of these 
coeponents was extracted fro* the PSKC linear 
generator systems study coMpteted by Avco^^ 
and Ceneral Electric^. 

Uestinghouse's cost data for the 
separately-fIreJ and 0? enriched systems are 
compared with the PSPEC results in Table Iv-I. 
The nueibers appearing under the Avco and G.E. 
headings refer to case numbers used in 
references 19 and 20. The disk power 
management system is about one-half the cost of 
the linear system. Generator Mgnet costs 
compared to G.E. are also about one-h«if. Only 
the disk radiant boiler Is more costly than the 
comparable radiant boiler for a lir-ar system. 
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tihere Cf Is the cost factor which Is a function 
of the escalation rate, E, tN Interest rate, 

I, and the construction time, T. Cost fMters 
are tabulated In references If and 20. All 
costs In the PSPEC study are given In terms of 
m1d-l9T8 dollars. Therefore, for purposes of 
comparison, *1d-ig78 dollars arc used for costs 
In this study. 

The specific cost fKtors arc shown In 
Table IV-2 There Is close agreeawnt between 
the Avco an' G.E. specific steam plant cost, 
c,t, for the n«»arately-f1r*d preheat 
system. For the 0; enriched system the G.E. 

Cft It I2S higher than the Avco c-t. It 
was not possible to extract the Avco relent 
boiler specific cost, c^b, from the data of 
reference I'l. Therefore, the G.E. radiant 
boiler cost, c,.k, was used in the COE 
talculatlons. Also, It was net possible to 
obtain a gasifier cost from the G.E. data. As 
a result, the Avco gasifier cost, Cg^f, was 
used. 
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Tne expression used to calculate the 
coital costs of the disk systems is the 
following. 

^rap * “el fCaijx ♦ (c»t * Crb) ^st 

♦ (Caux * cjas * '02) Pmo) (1) 

Where Cgtti, Is the capital cost of the disk 
components which Include the combustor, noitle, 
Channel, diffuser, inverter, mgnet, and 
radiant boiler. The specific cost factors 
taken from Avco and G.E. are the steam 
plant specific cost, c^g the radiant boiler 
specific cost (which xkist be subtracted from 
Cft since the radiant boiler cost is Included 


Using equation (1) to obtain the capital 
cost, Cggp. for the disk power plants, the 
COE'S for each the open-cycle systems was 
calcuUtcd using the following expression. 


9 


Mwr«, FCR It tiM flRtd chtrft r«tt (■ .11 for 
FSFEC Md tMt ttudy), CF It tH# ctpKlty 
factor (■ .6S for F^C and tnit study), F«) 

U tho oloctrle poMtr output of tnt piMt In 
MH, Hi U tha plant affktoncy at tho dttlon 
point, FIKL it tnt fuoi cost in l/WTU (• fi.M 
for FSFCC and this ttudy), (MM it tho o^atiwi 
and mintonanct txpentt in niilt/KiPi, and LEV 
it tho futi and (MM itvciiiino factor (■ 1.94 
for Aveo and • 1.882 for 8.E.). 

Tho COE't for tnt disk uith diroctly-firod 
prtntat tyttam art thoun in Ta^lt iV-3. 

PttuUt art prtttnttd for tptcific cott fKtort 
thoun in Tablt 1V>2 obtaintd froa both Avco and 
6.C. Tnt capital cott portion of tht COE it 
nearly tht taat utinfi tithtr Avco or 6.E. cott 
factor data. Tnt atjor difftrtnet bttuttn tnt 
Avco battd rttuUt and 6.E. battd nttuitt 
oceurt in tnt (MM cottt. At taptettd, tnt 
dirtctly-firtd tyttta uitn 1920<>K (2996<>F) 
prtntat hat tnt lovwtt COE. Houtvtr, it thould 
bt pointtd out tnat a MM c1tan-i^ tytttta, 
uhicn it rtouirtd for tnt 1920MI preheat 
catt, nat not bttn included in tht COE 
calculation. 
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Cotts of electricity for the teparately 
fired preheat and Op enriched tytteat are 
pretented in Table lV-4. For conpariton the 
PSFEC retuUt art alto thown in Table If-4. At 
Table !f-4 ind’catet, the capital cott portion 
of the COE for the ditk it louer than the 
corretponding linear tyttca naetpt for tht 0^ 
enriched Avco tytte*. The awln difftrtnet 
betuten the Avco bated retuUt and the 6.E. 
bated retuUt for the ditk COE it again cauted 
by the OiM cott difference bttueen Avco and 
G.E. data. 
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Sated on the COE rttuUt in Table 1V>4, tht 
ditk tyttem appear to be coopetitive uith 
linear tyttent. The ditk COE't are ilightly 
higher than the corretponding Avco tyttem. 
Hotutver, the ditk COE for the teparately-f ired 
preheat tyttea it tignif icantly lett than the 
corretponding G.E. tyttto. The ditk COE for 
the O2 enriched tyttt* it slightly Ittt than 
the corretponding G.E. tyttem. Although the 
ditk tytteii already apptart to bt competitive 
w '.h linear tyttem: battd on COE, it nay bt 
even more competitive if we consider the 
timplicity advantages of the ditk. 

Simplicity of Design Benefits 

It it difficult to attest in a Quantitative 
uay the advantages of the ditk generator design 
timplicity. Hoivever, the greatest impact of 
the ditk timplicity thould be on the plant 
capKity factor, CP. Referring to equation 
(3). it can bt teen that the capital cost 
portion uf the C(M depends inversely on CP. 
A’lto, the fuel portion of the COE depends 
inversely on the total eff iciency.nt. For 
Current fuel costs, the coital cott portion of 
the COE it aluayt greater than the fuel cott 
portion of the COE. At a result, increasing CP 
Hill have a greater effect on reducing CK than 
increasing efficiency, 

Contidt-r the layout of the ditk 
directly-fit;^ system thonn in fi^re 11-1. At 
discussed in the Poucr Train Arrangement 
section, the time reouired to reaiove the 
noijle, channel, and diffuser and replace them 
thould be short. In a system Hhere a spare 
channel, nozrle, and diffuser it available for 
replKcment, the system availability it a 
function of this changeover time. A shorter 
Changeover time meant a higher availability. 
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if M« muw t)i«t ail outaatt of tlw ditk pootr 
plai.t rtfult froM forced thc<i tht 

availaotiuy, A > CP, <Pitr« A it totel plant 
avaltaplllty. The total availability It tbt 
predoet of the coa^o nan t avallMliitlet, 

A > iTA4. Therefore, thorte' changeover tine 
meant higher capacity factor. 

In reference 22, the folic ving cxprettlon 
it derived for WO channel avi llabi Hty, 

Ac • f (1 ♦ 2o) (4) 


Were, 


( l*a)2 ♦ 2 St/NTBF 

(54) 

0 • NTTR/MTIf 

(Sb) 


Eouatlon (4) it the availability for a t«o 
channel tyttem. WMver, only one channel it 
In the generator tyttem at any given time. The 
tecond channel It either being repaired or In a 
ttand-by mode outtin the generator tyttem. 
Tenet appearing In eguatlon (S) are Sf, the 
time rcoulred to remove the channel from the 
ivttem and replace It with another channel, 
nrSF, the eman tieie between channel falluret 
and HTTR, the mean tlaw to repair a cnannel. 

Now contider the leproveawnt <n 
availability, Ac, that can be attained by 
reducing the Changeover tlaw, Sf, while 
keeping NTgf and MTTR conttant. From equation 
(4) we obtain the following retuU. 


y/[^Bo- (6) 

Were, 

a4c * Ac - Ac|j ( 7a ) 

ASt • STq • St (7b) 

»o • (i * ? STp/«BTF (7t) 


Figure l»-l It a graph of equation (6) for NTBF 
• irOOO hrt., NTTR • 200 hrt., and St • 100 
hrt. At figure 1V*1 Indicatet, a SOi decreste 
In channel changeover time IaSt/St • .5) 
yieldt about a 4> Increate in channel 
avallaMlIty (AAr/Ac * .04). Thit would 
retult in approviieitely a 4S reduction In the 
capital cott portion of the COE. 



.1 .4 .4 .4 M 


•me * owwi ■ a$mm Mummm tM, £ 

rtM n-i tP«ntvtTT v MUMtim 

It drtaa r Kim ft fM 


Rather than uting the miyee^ ch an geo ve r 
time to Increate the avallwillty. It may be 
more advantageout to keep the avallWIlUy 
conttMt and reAice the MTV requIroaMnt. 
ChMnel conttructlon methodt may not produce 
lifntimet of 2000 hrurt or more. Therefore, In 
order to have a workable tntam. It may be 
fwcettary to accept a tmaller NTBF. Conttdor 
how NTIF dependt on the changeover time, St. 
From equation (4), the following result It 
obtained. 

UTRf • yijq- (Ac St - MTTR (1 - Ac) ♦ 


^a.CT - MTTBn.a.112 * a.rMmiZM.a.i'tnk 


For catet of Interest Ac > .», thertfMw, It 
Is a good approximation to assumr 
(1 • ^) -> 0. Kaking this atwvalnation In 
equation (7) yields the following. 

HTBF : {2Ac/|l-Ac)) St for (l-Aj) *0 («) 

Note that for this limit, the ilTIf It 
Independent of NTTR. 

Equation (9) shows that NTV It 
approximately a linear function of $t. At 4 
result, for a conttant availability, any 
reduction In St will proA.xe a corresponding 
reduction In NTBF. For the example presented 
In figure IV*1, the channel lifetime 
requirement can be reduced from 2000 hours to 
approximately 1000 hours If St It reduced 
from 100 hours to SO hours with no change In 
channel availability. If channel Hfet'..** 
r^xqulrements of 2000 hours or more ^annot be 
satisfied, the same COE can be obtained with a 
system having St ■ SO hours. The disk design 
simplicity offers tlw possibility for St In 
the range of 50-100 hours. 


Possible Perfonaance 1« 


Bated only on a reduced changeover time, we 
have shown that about a 4 percent reduction In 
the capital cott portion of the COE can be 
attained. It it alto possible that the fuel 
costs can be reduced. This will result If the 
efficiency can be Increased. Nest probable 
improvement in the total efficiency will retult 
from iiKreatcd enthalpy extrKtIon of the disk 
gener.iter. As discussed In the Component 
Characteristics section, larger enthalpy 
extractions are obtained by using a dome-shaped 
disk. With diwm-shaped design, the magnetic 
field Is always perpendicular to tne flow 
direction. 


From reference 19, the following expression 
for total efficiency Is obtairwd. 

"t * 'WO ♦ 'Ht - 'b»lD)f * 

n/fto and ere the disk and steam 
plant efficiencies, f Is wa>t* heat recovery 
factor, and are the auxiliary power 
requireawnts. 
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As discussed In the Ust section, • 

(111) doae*shaped disk design offers the iHitsIblllty 

of leproved enthalpy extraction. Assuaing this 
lap roved enthalpy extraction would lead to 
Aiggg) * .03, the efficiency leprovewnts 
(llh) given by eouatlon (13) result. 


^ Ufuel IMHO) 

(11c) 


(lid) 


The fuel power Input Is Qfuel, the total disk 
power output Is P|gio> coepressor power 
required for the disk flew Is Pcow* ^*** 
steaa plant power Input Is Qft< 
auxiliary power Is P^ux* 

Consider the change In efficiency that 
results froM a change In Ihho* Froai equation 
(10), the following is obtained. 

Ant - nt - ^to * ^’''’st - 'bMH,) 

• (1 - hjt f) ^«H0 (12) 

TroM the data of reference 1, the expected 
ieproveewnt In the enthalpy extract' >n fro* the 
(kxae*shaped disk channel Is approxlmtely .03. 
Therefore, assume AfimO ' *'>‘1 u** 

same steam plant efficiency as previously, 

Tjt • .42. Also, using waste heat recovery 
factors calculated from the PSPEC results 
(f = .90 for all open-cycle systems except the 
separately- fired system where f • .78) the 
following total efficiency Improvements are 
obtained. 

• .019 - for directly fired preheat 
and 0^ enriched systems (13a) 


*1^ • .020 - for separately-fired 

preheat systems (13b) 


Using CP ■ .68 and the efficiency 
Improvements given by equation (13), the COE's 
for all the disk systems were calculated. 

These results are shown In Table IV-S along 
with the PSPEC results for the linear generator 
systems, tilth these Improvements, all the disk 
systems become the cheapest except the 0? 
enriched case. The 0? case when compared to 
Avco is very nearly the same. 

rmu i«.i 

cast «r lucnicirr rgi taoiaxa MMunun m trncitxn 



nil mm 
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WTA. NtUS/MH 
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OITA. Htusm 
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me 

<au&/nM 

\Km 

HitenT 

rnct 
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• 

41.M 

- 

M>ccav 

FIK» 

MENCAT 

4I.N 

- 
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• 

iim 

SAMMmv 

rni9 

WICAI 

43,7* 

44.12 

4A.fJ 

SS.M 

Sitioca 

41.17 

41.41 

41. IS 

S3.07 


111. Conclusions 


First consider the disk closed-cycle 
system. No detailed costing was done for the 
closed cycle. However, the disk generator 
performance Is better than comparable linear 
systems (for the same enthalpy extraction the 
Isentropic efficiency of the disk Is greater 
than that of a comparable linear system). 
Also, good efficiency is attainable at low 
power levels. 


For a .03 improvement In can expect 
approximately a .02 inprovement In the total 
efficiency. 


Cost of Electricity for Improved Availability 
and Efficiency 


Coi.sldcr how Increased availability and 
efficiency will affect the disk generator 
system COE. Again assume that all plant 
outages are forced outages so that 
CP • A • JTA), Mhere A< is the availability 
of cofflponW Aj. Therefore, 


ACP 

^0 



(14) 


As already discussed, the disk design 
simplicity should result In reduced channel 
changeover time, Sj. The r suits of figure 
IV-1 Indicate that AA^/A^ - .04 If Sf 
is reduced from 100 hrs. to 50 hrs. Therefore, 
we used ACP/CPq *.04 to obtain 
CP • 1.04 CPq " 1.04(.65) • .68 


The oppn-cycle disk systems have lower 
overall efficiency than the corresponding PSPEC 
linear systems. However, the disk generator 
components (nozzle, channel, diffuser, magnet, 
and power management) are cheaper than 
comparable PSPEC components. Costs of 
electricity for the disk systems are within 5* 
of Avco PSPEC results and more than 5X lower 
than G.E. PSPEC results. 

Ulsk design <impl1c1ty should lead to 
increased plant capacity factor, CP, or a 
reduction In the channel lifetime requirement. 
For a reduction In channel changeover time, 

St, from 100 nrs. to 50 hrs. a 4X Increase In 
CP or a factor of 2 reduction In channel 
lifetime requirement was calculated. Also, 
open cycle disk enthalpy extraction can be 
Increased with a dome-shaped channel design. 

An Improvement of 2 % (Ant ' -02 was 
calculated. 
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Using the Inprovnd cspscity factor and 
afficlancy. costs of alactricity laare again 
calculatad. Ttwso results give disk COE's that 
are less than the coavarabte PSPEC linear 
system except for the O 2 enriched system when 
compared with the Avco Is very nearly the same. 

Based on a COE argument, the disk open* 
cycle system are competitive with linear 
system. What the disk lacks In performance It 
mkes up with lower cost. In addition, the disk 
design simplicity provides the possibility of 
reduced changeover time and greater availability. 
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